This paper provides a synthesis of current knowledge on phytoplankton production, seasonality, and stratification in tropical African lakes and considers the effects of nutrient enrichment and the potential impacts of climate warming on phytoplankton production and composition. Tropical African lakes are especially sensitive to climate warming as they experience wide fluctuations in the thermocline over a narrow range of high water temperatures. Recent climate warming has reduced phytoplankton biomass and production in the lakes. A decline in the production of palatable chlorophytes and an increase in cyanobacteria has led to reduced zooplankton production and a consequent decline in fish stocks, all of which can be associated with the elevated water temperatures. This indicates that even moderate climate warming may destabilise phytoplankton dynamics in tropical African lakes, thereby reducing water quality and food resources for planktivorous fish, with consequent negative impacts on human livelihoods.
INTRODUCTION
Tropical African lakes provide an important source of dietary protein to rural communities; potable water for humans, livestock and agriculture; a means of transportation of goods and generation of hydro-electric power; and a source of revenue from fishing and eco-tourism. Also, many of these lakes are havens for diverse endemic fish fauna of immense ecological and scientific importance that are dependent on sustained phytoplankton seasonality and stratification. Previous reports on phytoplankton in tropical African lakes have had a predominantly taxonomic focus, with some considering phytoplankton composition and production in specific lakes as a reflection of that lake's overall health. However, a comprehensive review of phytoplankton production, seasonality and stratification in all tropical African lakes, as well as phytoplankton responses to eutrophication and climate warming, and the consequent effect of this on fish stocks and human livelihoods, has not been undertaken. This paper seeks to address these issues, considering that such information is especially pertinent in the wake of the deteriorations in water quality and declines in fish abundance and diversity that have been recently experienced in many tropical African lakes, as a result of climate change and increased anthropogenic pressures.
PRIMARY PRODUCTION
Tropical African lakes display a considerable range in phytoplankton production (see Table 1 ) which reflects their trophic state. Lake Kainji is a typical example of a nutrient-poor (oligotrophic) African lake with a low phytoplankton production of 0.3 gCm 2 /h. 1 Towards the upper end of the production scale, is the nutrient-rich (eutrophic) Lake Nasser, whose phytoplankton production has been reported to average 4.48 gCm 2 /h. 2 Increased nutrient inflows resulting from expanding urbanisation and agriculture have elevated primary production levels in many African lakes. A good example is Lake Chivero, whose primary production levels have increased by over 10 orders of magnitude from its previously reported range of 1.64 gCm 2 /h to 6.03 gCm 2 /h in 1979 to its current range of 18.5 gCm 2 /h to 140 gCm 2 /h. 3, 4 Similarly, in the physionomically similar Hartbeespoort Dam, primary production levels, which normally range between 0.40 gCm 2 /h and 30.90 gCm 2 /h, have risen to as high as 185 gCm 2 /h. 5 These elevated primary production levels correspond with algal blooms and are a direct consequence of high nutrient inflows which overburden the lakes' natural purification systems. 5, 6 In deeper African lakes, nutrient inflows also exert prominent effects on primary production. Examples include Lake Malawi, where primary production levels of 0.24 gCm 2 /h and 1.14 gCm 2 /h have risen to between 14.04 gCm 2 /h and 26.20 gCm 2 /h in recent years 7 and Lake Victoria where primary production of 3.30 gCm 2 /h to 13.50 gCm 2 /h has risen to as high as 234 gCm 2 /h. 8 Primary production in tropical African lakes is often low at or near the water surface due to photo-inhibition. The optimal habitat for phytoplankton is in the first 3 m -5 m of the water column. Production tends to decrease with depth, until light becomes the limiting factor after the euphotic depth. Light is the primary limiting factor to the growth of phytoplankton in Lake Chivero, 9 whereas conductivity and trophic status (measured as chlorophyll a) are the most important environmental variables influencing the distribution of ciliate species in this and other African lakes. 10 These variables are compliant with a classification of 17 east African lakes on the basis of water conductivity and associated phytoplankton species.
11

STRATIFICATION
Environmental factors such as water pH, conductivity, dissolved oxygen and nutrient concentration and light intensity influence primary production and these in turn are affected by thermal stratification, which is a common feature of tropical African lakes. Stratification is a result of thermal differences in the upper warm layer of water, (the epilimnion), the lower cold layer (the hypolimnion), and a zone of steep temperature gradient, (the thermocline), which separates the two and is usually created during periods of high summer temperatures. Stratification is characterised by vertical profiles of water temperature, conductivity, dissolved oxygen concentration and pH. In Lake Tanganyika, a fairly stable stratification is established during the wet season, which is generated by increased water temperatures and diminished wind intensities. However, currents and internal waves, as well as coastal jets and return flows, do cause localised up-welling, which may partly disrupt this stratification. 12 Stratification is also prevalent in many deep tropical African lakes, such as Albert, Cabora Bassa, Chad, Kariba, Malawi, Niger and Turkana. This often influences the seasonality and abundance of phytoplankton.
The general annual cycle of thermal stratification in these lakes includes a short phase of partial vertical mixing which is often accompanied, or immediately followed, by a peak of algal abundance to which diatoms make a major contribution. 12 A second peak, dominated by blue-green algae, often develops after re-stratification. 12 In Lake Ogelube in Nigeria, phytoplankton biomass during the rainy season (April-October) is much higher than that during the dry season (November-March). Chlorophyceae (mostly desmids) are most abundant during the rainy season, followed (in decreasing order of abundance) by Cyanophyceae, Bacillariophyceae, Euglenophyceae, Dinophyceae, Cryptophyceae, Chrysophyceae and Xanthophyceae. 13 This order changes slightly in the dry season, when the relative abundance of Bacillariophyceae is greater than that of Cyanophyceae, and Dinophyceae is greater than that of Euglenophyceae. A similar seasonal pattern is found in other African lakes, such as Kariba, Malawi, Tanganyika and Victoria, where blue-green algae dominate during summer stratification and diatoms tend to dominate in winter at turn-over, when stratification breaks down. 14, 15 Density stratification is also a natural feature of many shallow, naturally saline African lakes such as George 16, 17 , Naivasha 18 and Nakuru 19 . However, this stratification can be disrupted by strong winds which influence water circulation, thereby preventing the development of a consistent thermocline. 20 This feature has been observed in the four Kenyan lakes: Naivasha, Crescent Island Crater, Oloiden Lake and Winam Gulf, which displayed complete vertical mixing and well-oxygenated water throughout the water profile during periods of strong winds. 21 Stratification in some shallow African lakes also traps nutrients from riverine inflows contaminated by effluent discharges. This is apparent in Lake Chivero during hot summer months, 22 with stratification breakdown during winter months resulting in the temporary upwelling of nutrients and localised algal blooms. 6 Stratification generally has a negative impact on overall primary production as it confines nutrients to deeper waters of greater density beyond the euphotic zone, 23 with phytoplankton species diversity and total biomass elevated only in nutrient rich waters at river inflows. 24 As a result, the highest primary production normally occurs in the first 3 m of the water column, and is often inversely correlated with water transparency (measured using a Secchi disc). This is usually depressed at the water surface, particularly where temperatures exceed 30 ○ C. 3 In most African lakes, strong thermal gradients often develop from daytime warming in the 0 m -5 m layer. These gradients frequently trap photosynthetic oxygen to form well-defined maxima which demarcate deeper, oxygen poor layers. 25 In some lakes, the de-oxygenation goes so far that oxygen disappears from the hypolimnion and hydrogen sulphide is produced. The epilimnion maintains a high oxygen concentration throughout the year, except during partial stratification, which may develop during the day and cause a gradient of decreasing oxygen concentration with depth. Some features of stratification in artificial African lakes are also influenced by the positioning of turbines. For instance, Lake Kainji's rapid deepening of the epilimnion during stratification has been attributed to discharges from the lake as the levels of the spillways and turbine intakes are situated below the thermocline.
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SEASONALITY
Most African lakes have a well-established seasonality in phytoplankton abundance, which is governed mainly by climate. The community of larger phytoplankton in Lake Tanganyika is mainly composed of chlorophytes and diatoms (Nitzschia spp.), with large blooms of diastrophic filamentous cyanobacteria also periodically observed during September to November at the onset of the rainy season. 27, 28 However, more recently, these cyanobacteria have not been observed as a major constituent of the phytoplankton biomass. 29, 30 Rather the biomass exhibits contrasting picocyanobacteria and diatom concentrations due to changes in water column stability also observed at the southern and northern ends of the lake. 31, 32 A seasonal succession of major algal groups similar to that in Lake Tanganyika is also found in the natural oligotrophic Lakes Edward, Kivu and Malawi, which have a low phytoplankton biomass and species diversity, 15 as well as in the artificial, oligotrophic Lake Kariba, where cyanobacteria (Cylindrospermopsis, Anabaena, Pseudoanabaena) and blue-green algae dominate when the phytoplankton biomass reaches its peak (up to 1.52 mg per litre of chlorophyll a) during the rainy season, with diatoms dominating at turnover during the dry season. 33 Similarly, diatoms are the dominant group in Lake Kivu during episodes of deep mixing in the dry season, with filamentous, diastrophic cyanobacteria and picocyanobacteria forming a substantial fraction of the autotrophic biomass under conditions of reduced nutrient availability in the stratified water column during the rainy season. 34 Lake Kivu's phytoplankton species assemblage is somewhat intermediate in composition, between the oligotrophic Lakes Malawi and Tanganyika and the more eutrophic Lake Victoria, though the dominant diatoms of Lake Kivu (Urosolenia sp., Nitzschia bacata, Fragilaria danica) are normally associated with oligotrophic, phosphorous-deficient African lakes. 34 The concept of stable phytoplankton communities has been questioned with regards to some African lakes. Observations of primary production and phytoplankton densities at regular (weekly and fortnightly) intervals in Lake Kinneret, Israel, over a 35-year period , has led to a repudiation of the concept of a stable phytoplankton seasonality. 35 These observations demonstrated remarkable stability in the composition and abundance of algal species in summer and spring algal blooms in the lake during the first 24 years of monitoring. After 1994, however, deviations from the previously predictable annual pattern of algal blooms were apparent. They were characterised by the absence of prevailing spring Peridium gatunense blooms, intensification of winter Melosira granulata (=Aulacoseira) blooms and increased variability in the magnitude of blooms in other species. Also, nanoplanktonic palatable forms in the high summer phytoplankton biomass were replaced by less palatable forms. There was a new appearance and increase in absolute biomass of toxin-producing, nitrogen-fixing cyanobacteria as well as an increased incidence of fungi attacking Peridium gatunense. 35 In Lake Tanganyika, shifts in phytoplankton seasonality have also been detected through the application of Empirical Orthogonal Function Analysis to a seven-year satellite observation record. 36 Similarly, the phytoplankton composition in Lake Kariba between 1959 and 1964 has been compared with that between 1986 and 1990 and showed a change from a riverine-dominated species component rich in desmid flora and large algal species, to that dominated by small-celled chlorococcal green algae. This change was mainly a result of the apparent stabilisation of the lake since its creation.
14
THE INFLUENCE OF NUTRIENTS
In the tropics and at mid-latitudes, phytoplankton are typically nutrient-limited; and reduced biological productivity, phytoplankton biomass and growth have been linked to increased water temperatures and reduced nutrient supply. 36 Nitrogen and phosphorous have been identified as the major nutrients governing primary production and phytoplankton biomass in tropical African lakes. 11, 37 Indeed, in many African lakes nitrogen-fixing taxa such as Anabaena and Cylindrospermum proliferate due to the limiting concentrations of this nutrient for other taxa in their waters. 11, 12, 18, 30, 38 The low phytoplankton biomass variability of Lake George in Uganda has been attributed to both nitrogen and phosphorous limitations, and the extreme predominance of algal production over that of other biota. 38 Similarly, in Lake Kariba it has been demonstrated that the waters are principally phosphorous limited for most of the year with a possibility of nitrogen colimiting at other times. 39 In this case, the ability to fix nitrogen becomes an added advantage and may explain the dominance of nitrogen-fixing taxa. In Lake Naivasha, nitrogen is more limiting than phosphorous, with an algal preference for ammonium over nitrate. 18 In Lake Tanganyika, the addition of nitrogen, phosphorous and iron stimulates total phytoplankton production. This finding was based on both high-performance liquid chromatography (HPLC) pigment analysis and cellular counts, using epifluorescence microscopy. 30 Iron enhances production of mainly prokaryotic pico-phytoplankton, nitrogen and phosphorous increase green algae and, in some cases, diatom production and iron in combination with nitrogen and phosphorous improves picocyanobacteria production. 30 Silica is known to increase diatom production because of their siliceous shells and this has been demonstrated in mesocosm experiments. 30 The composition and abundance of phytoplankton often reflect the nutrient status of African lakes with, for example, the low Euglenophyceae biomass in Lake Ogelube proposed to be indicative of low organic pollution and the predominance of desmids indicative of oligotrophic conditions. 13 Low nutrient contents have also been observed in the normally oligotrophic Lakes Kariba, Kivu and Malawi. Despite this, many African lakes are now prone to nutrient enrichment from anthropogenic activities and this has led to eutrophication and associated problems. Classical examples of eutrophic African water bodies are Lakes Chivero and Victoria and the Hartbeespoort Dam, with recorded nitrogen concentrations of over 50 mg/L. Elevated nutrient levels in Lake Chivero, caused by discharge of partially treated sewage and industrial effluent into the lake, has resulted in an increase in phytoplankton biomass by a factor of more than ten and corresponding reductions in water transparency. 6 Associated with these changes is a progressive decrease in phytoplankton species diversity, with the cyanobacterial species Microcystis aeruginosa dominating and Melosira spp. co-dominating the phytoplankton community. 4, 6 Cyanobacterial blooms have also been reported in nutrient-enriched South African impoundments, namely the Hartbeespoort Dam 40 and the Erfenis and Allemanskraal Dams. 41 Similarly, nutrient-rich inflows into a shallow tropical lake in the Cameroon (Yaoundé Municipal Lake) have resulted in a massively increased phytoplankton biomass of 225 µg/ mL and chlorophyll a concentration of 566 mg/m 3 , dominated by Euglenophyta and Chlorophyta. 42 Eutrophication tends to affect shallow lake systems more than deeper tropical lakes, such as Lakes Malawi and Victoria, with incidences of localised pollution only occasionally reported in the deeper lakes such as Kariba. 43 In fact, in Lake Kariba the water has changed from an initial nutrient-rich (eutrophic) state to that of its current nutrient-poor (oligotrophic) state, with phosphorous limiting primary production. 39 However, the high concentrations of faecal coliform bacteria recorded along the northern shoreline of Lake Kariba 44 indicated that the lake waters are verging towards mesotrophy. The initial eutrophic state in the lake has led, in the past, to the proliferation of the noxious aquatic weed Salvinia molesta (Kariba weed) and, more recently, to the propagation of another aquatic weed, Eichhornia crassipes (water hyacinth), which is currently prevalent in Lakes Chivero and Victoria, as well as in Lakes Baringo, Chad, Malawi, Naivasha, Nakuru, Tanganyika and Victoria, where it is adversely affecting fishing industries. 45 
CLIMATE WARMING
The impact of global warming projected by climate change models 46, 47, 48 on the function of African aquatic ecosystems is uncertain, although some likely effects have been reported 49 . Interannual variations in phytoplankton composition and biomass in temperate regions are known to reflect changes in climate. 50 Reduced depths of light transparent epilimnions, due to upward shifts in thermoclines in response to elevated temperatures, could potentially adversely affect primary production in deep African lakes such as Kariba, Malawi, Tanganyika and Victoria. However, relatively limited data exist on the influence of climate variability on phytoplankton biomass and composition in tropical African lakes. Only a few phytoplankton studies, which do not specifically address climate-driven changes, have been undertaken in Africa, such as in Lake Volta 51 and in Lakes Malawi, Tanganyika and Victoria 52 . However, some tendencies have been noted. 49, 53 East African lakes, for example, are known to be potentially highly sensitive to climate change 54 because small variations in climate cause wide fluctuations in the thermocline over a narrow range of high water temperature. 55 Indeed, thermal stratification, which isolates nutrients from the euphotic zone is strongly linked to hydrodynamic and climatic conditions in Lake Tanganyika. 56 Also, an analysis of climatic data for the middle Zambezi valley shows that warming around Lake Kariba is proceeding at a faster rate than regional models have predicted, which points to future shifts in phytoplankton species richness and production. 57 In Lake Tanganyika, it was reported that regional climate change over the past 80 years has reduced productivity and, more specifically, primary production. 53 However, other climatic factors such as the SouthEast trade winds also impact the primary production in this lake by increasing wave action and upwelling, which brings nutrients from deeper regions of the lake to the surface. Conversely, during less windy El Niño years the lake water column is more stable, resulting in enhanced nutrient depletion in surface waters and diminished phytoplankton production. 53, 58 These findings were corroborated by another study that demonstrated a close correspondence between phytoplankton biomass and climate in Lake Tanganyika. 36 This seven-year study revealed that shifts in phytoplankton dominance were due to the lake's high sensitivity to climate change, as variations in wind and air temperatures favoured the release or entrapment of nutrients present in deeper waters.
Much of what is happening to lakes across Africa is attributable to years of drought that have reduced river inflows and rising temperatures and caused increased evaporative water loss. 48 An extreme example of this is Lake Chad. Once the world's sixth-largest lake, it has since decreased to 5% of its original size of approximately 25 000 km 2 in 1963, to 1 350 km 2 in 2001 ( Figure 1 ). This decrease can also be attributed to large and unsustainable irrigation projects built by Niger, Nigeria, Cameroon and Chad, which have diverted water from the lake as well as the Chari, Logone and Niger Rivers, and major overgrazing in the region resulting in a loss of vegetation and serious deforestation contributing to a drier climate. 59, 60 Another example of an African lake that may be responding to increasing temperatures driven by climate change is Lake Turkana, the largest, most northerly and most saline of Africa's Rift Valley lakes, whose level has dropped 10 m between 1975 and 1992 due to reduced inflow. 61 Similarly, Lake Victoria's level has dropped over 1.5 m in five years. 62, 63 For the Zambezi basin, simulated runoff under climate change is projected to decrease by about 40% or more, which would greatly reduce the size and depth of Lakes Cabora Bassa, Kafue and Kariba. 64 In the deep, meromictic Lake Tanganyika, warming has increased water column stability and decreased vertical mixing, thereby reducing nutrient loading to the upper mixed layer. 53 Since 1974, observations in this lake have documented decreases in phytoplankton abundance and increases in dissolved silica, both indicative of declining primary production, with negative implications for the pelagic fishery which accounts for more than 90% of all landings. 53, 58 However, fishing effort continues to rise and technologies have improved to such an extent that landings have increased during the warming period, making it difficult to decipher any effect on fish productivity in response to warming. In Lake Victoria, climate warming has been implicated in the eutrophication of the world's largest lake fishery. 65 However, increased phosphorus loading is more likely the direct cause, with the climate probably playing a smaller role by increasing stability of seasonal stratification and accelerating the onset of hypolimnetic deoxygenation. 65 Consequences of lake warming for the hundreds of endemic cichlid fishes, especially those occurring in littoral areas of the lake, are speculative. 63 Increased water temperatures associated with climate warming are likely to cause a shift in phytoplankton species composition from Chlorophyceae to Cyanophyceae, which are competitively superior at higher temperatures. Microcosm studies have demonstrated that elevated temperatures suppress total zooplankton biomass by altering phytoplankton community composition towards high temperature tolerant species, though total phytoplankton biomass is not usually altered. 66 For the phytoplankton community of Lake Chivero, it was found that the water temperature at which the blue-green algae (Cyanophyceae) dominated cultures was between 25 °C and 26 °C, whereas for green algae (Chlorophyceae) it was between 21 °C and 23 °C. 67 These findings may explain the low biomass of the previously dominant Chlorophyceae in Lake Kariba where 73% of the temperatures recorded at a depth of 5 m exceeded 24 °C. 57 Since its creation, Lake Kariba has exhibited distinct changes in water chemistry and thermal properties, the latter seemingly due to global warming, as the rate of warming in the Zambezi valley has nearly doubled the IPCC global average of 0.2 °C per decade. 57 This change in the lake's thermal properties is reflected in an upward migration of the thermocline, apparent from the smaller metalimnion temperature gradient and an upward movement of the low (> 2 mg/L DO) oxygen layer. These changes in thermal properties ostensibly correspond with declines in Limnothrissa fish populations. 49 As water temperatures increase, algal succession follows a progression -from diatoms to chlorophytes to cyanobacteria. 33 In Lake Victoria, the phytoplankton blooms observed during February and August comprised over 90% Microcystis at concentrations of 34 000 colonies per millilitre (77.6 mg/L), the blooms corresponding with high temperatures, discharge of nutrients from river inflows, nutrient upwelling and nutrient release from sediments. 68 The preponderance of cyanobacteria at higher water temperatures (> 25 °C) has led to concerns that increased water temperatures due to global warming could result in a decline in the production of palatable chlorophytes, leading to decreased zooplankton production and a consequent decline in fish stocks. Indeed, fisheries data from Lake Tanganyika show significant correlations with climatic (ENSO) data over the last 40 years. 58 This suggests that moderate warming could destabilise plankton dynamics, thereby potentially reducing water quality and food resources for higher trophic levels such as planktivorous fish as seen in shallow cold-water ecosystems. 69 Also, oxygen depletion and release of toxins caused by algal bloom die-off may lead to massive fish mortalities, as reported in Lake Chivero. 6, 70 In this lake, the dissolved oxygen concentrations following an algal bloom die-off, ranged from 2 mg/L at a depth of 5 m to 3.9 mg/L at the lake surface. These oxygen concentrations were even lower than those (3.2 mg/L to 4.8 mg/L) measured in the Nyanza Gulf of Lake Victoria, following the collapse of a phytoplankton bloom and associated with high fish mortalities of Oreochromis niloticus. 68 Algal toxins caused by algal bloom dieoff have also been previously detected in Lake Chivero and in tap water emanating from the lake, 6 ,22 but it has not been established whether these are toxic to humans and other fauna. 70 However, toxic strains of Microcystis have been identified in other African fresh water bodies, as well as in fresh water systems elsewhere in the world.
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HUMAN LIVELIHOODS
The future of tropical African lakes in a changing climate seems bleak and this poses several challenges, the most important of which is an understanding of how changes in climate will affect aquatic ecosystems and human livelihoods, need to be overcome. 47, 49 The consequences of climate warming on lake hydrology (through destabilisation of stratification) and on lake temperature, could affect phytoplankton production by reducing both abundance and composition in many tropical African lakes. The consequent cascade through a longer trophic chain due to the dominance of smaller phytoplankton, could potentially affect zooplankton and fish production and ultimately threaten the viable fishery industries that sustain the livelihoods of riparian communities. Unfortunately, the poor are most at risk because they depend on the natural resources provided by many African lakes, yet policies around these resources do not benefit them much. For instance, upon Lake Kariba's creation, 57 000 people were resettled to make way for the lake, but suitable land was not sufficiently available in the direct vicinity. 72 These people should presently be reaping the benefits of the artificial lake, but there is a disparity in the allocation of resources and policies that govern the use of the lake. The value of African lakes is without question, for they contribute significantly to poverty reduction and food security. They are a source of cheap dietary proteins, with lakes such as Chilwa, Kariba, Malawi, Tanganyika and Victoria contributing more than 60% of the dietary protein to bordering rural communities. The lakes also provide potable water for human and livestock use, irrigation water for agriculture, are a means of transportation of goods and generate hydro-electric power and are a source of revenue from fishing and eco-tourism. Lakes Malawi, Tanganyika and Victoria, particularly, are a haven of diverse endemic fish fauna of immense ecological and scientific importance. Generating deep concern are the declines in fish abundance and diversity and the deterioration in water quality experienced by many tropical African lakes. Although policies have been implemented to mitigate these threats, there remains an urgent need to consistently monitor the health of tropical African lakes to circumvent adverse effects caused by anthropogenic pressures and a changing climate. 45 
